AbSTRACT: The objective of this study was to investigate the effect of a high dietary Se supplementation on the whole transcriptome of sheep. A custom sheep whole-transcriptome microarray, with more than 23,000 unique transcripts, was designed and then used to profile the global gene expression of sheep after feeding a high dietary supplementation of organic Se. Lactating crossbred ewes (n = 10; 3 to 4 yr of age and 55 to 65 kg BW) at late lactation (100 ± 8 d in milk) were acclimat- , and then total RNA was isolated and labeled for the subsequent microarray analysis. Significance Analysis of Microarrays, using the t-statistic, of the microarray data (T40 versus T0) evidenced the up-and downregulation of 942 and 244 transcripts (false discovery rate < 0.05), respectively. Seven genes showed the same trend of expression (up-or downregulation) when tested by quantitative real-time PCR (qPCR) in a cross-validation step. The microarray showed significant upregulation of the following selenoproteins at T40: selenium binding protein 1 (SELENBP1), selenoprotein W1 (SEPW1), glutathione peroxidase 3 (GPX3), and septin 8 (SEPT8). And the expression trends for SEPW1 and SEPT8 were validated using qPCR. Functional annotation of the differentially expressed genes showed the enrichment of several immune system-related biological processes (lymphocyte activation, cytokine binding, leukocyte activation, T cell differentiation, and B cell activation) and pathways (cytokine and interleukin signaling). Moreover, Gene Set Enrichment Analysis evidenced the enrichment of B and T cell receptors signaling pathways, with an enrichment score of 0.63 and 0.59, respectively. Overall, from a global gene expression (whole-transcriptome) point of view, shortterm supplementation of a high dietary organic Se to Se-nondeficient sheep results in a transcriptomic signature that mainly reflects an induced immune system and a modulation of transcription effect. Also, the present study provides a custom whole-transcriptome microarray platform that can be used in further global gene expression studies in the ovine species.
INTRODuCTION
In some of the geographical areas where the soil (and hence the produced forages) is Se deficient (Oldfield, 2002) , supplementing the animals' diet with an external source of Se is a common practice (Tinggi, 2003) . Selenium is authorized in the European Union as a nutritional additive for all species, and the current European Commission regulations -number 427 and 489 (European Commission., 2013; allow the organic form of Se to be added to all of the food-producing animals' diet (including sheep) not to exceed 0.5 mg/kg of diet (as-fed basis). The U.S. Food and Drug Administration upper limit of dietary Se supplementation in ruminants is 0.3 mg Se/kg DM (FDA, 2012 ). Therefore, a Se level between 0.3 and 0.5 mg/kg DM, although within limits in the European Union, would be seen as supranutritional Se supplementation according to the U.S. Food and Drug Administration. High dietary Se supplementation has been associated with variable improvements in animal performance and immune status of ewes and lambs (Rooke et al., 2004) . Recent studies on sheep (Hall et al., 2011 Meyer et al., 2011; Stewart et al., 2012) and cattle (Stockdale et al., 2011; Hall et al., 2014a,b) have focused on the effect of high dietary (supranutritional) Se on the animals' overall performance and immune system. From a genomic point of view, few (Hall et al., 2011; Hugejiletu et al., 2013; Chauhan et al., 2014 Chauhan et al., , 2015 have investigated the effect of high dietary Se on the mRNA expression of a preselected set of genes in sheep. However, to date, the effect of Se on the global gene expression of sheep (using high-throughput technologies) has not been investigated. Our hypothesis was that high dietary Se would induce genes of the immune system of sheep and leave a noticeable molecular signature behind. Therefore, a whole-genome microarray platform has been custom designed for the present study and used to examine the effect of high dietary Se on the global gene expression (transcriptome) of sheep.
MATERIALS AND METHODS
All procedures conducted in the present study were approved by the Teramo University Institutional Animal Care and Use Committee. No animals have been sacrificed in this study, and only blood samples were collected at different time points, using the least invasive approach to avoid animals' distress. Animals were managed according to the Directive 2010/63/EU of the European Parliament (European Union., 2010) , and the Directive 86/609/EEC (European Economic Community, 1986) regarding the protection of animals used for experimentation or other scientific purposes.
Animals and Study Design
Ten lactating crossbred ewes (3 to 4 yr of age and 55 to 65 kg BW) at the late lactation period (100 ± 8 d in milk) were used in this study, where a "before-and-after" experimental design was implemented. The trial was conducted within a farm in the region of Abruzzo (Italy), where the tradition of sheep farming is well established. Sheep had a 4-wk acclimatization period, in which they were kept on a basal diet, which consisted of mainly hay ad libitum (2.7 kg/(animal•d); approximately 4.5% of BW) plus 0.5 kg/(animal•d) of a custom-formulated concentrate ( Table 1 ) that has been offered to the animals in 2 parts during the day (0.3 kg in the morning and 0.2 kg in the afternoon). The basal diet was formulated to meet the ewes' requirements for maintenance and milk production (NRC, 2007) , with an adequate level of Se (0.40 mg Se/d, which equals approximately 0.13 mg Se/kg DM of the complete feed [3.2 kg/(animal•d)]) in the form of sodium selenite. The acclimatization period was then followed by a 40-d high dietary Se supplementation phase, where the same sheep received an organic Se (Sel-Plex [2,000 mg Se/kg DM]; Alltech Biotechnology Pty Ltd, Australia) supplementation of 1.45 mg Se/d (equivalent to 0.45 mg Se/kg DM of the complete feed [3.2 kg/(animal•d)]) that has been added to the concentrate as a replacement of the sodium selenite. The organic Se source used in this study (Sel-Plex) has a guaranteed amount of 2 g organically bound Se (63% as selenomethionine [SeMet] and 34-36% as low molecular weight selenocomponents) per kilogram supplement, as described by the manufacturer (EFSA, 2011) . Selenium supplementation in this study has been set not to exceed the maximum level of organic Se (0.5 mg/kg DM) permitted in the European Union (European Commission 2013 . Sheep had continuous access to water, and a specialized staff monitored the correct and complete ingestion of the formulated concentrate, which was offered separately to each animal using individual troughs. Body temperature, feed intake, and milk production were recorded daily for all sheep.
Blood Collection and Se Analysis
To determine the level of Se in blood, jugular venous blood samples were collected at 0, 30, 35, and 40 d of the high dietary Se supplementation. Blood was collected into evacuated tubes with EDTA (2 mL; final EDTA concentration, 2 g/L) and stored on ice until it could be frozen at −20°C for a whole-blood (Wb) Se assay. Selenium concentrations were determined using an Agilent 7500ce ionized coupled plasma mass spectrometer (Agilent Technologies, Santa Clara, CA) with modifications as previously described (Tinggi et al., 2004) . For the molecular assays (microarray and quantitative real-time PCR), 2.5 mL of WB were col-lected at the last day of the acclimatization period (T0) and 40 d of the organic Se supplementation (T40). Blood was collected in each of 2 PAXgene tubes (Qiagen SpA, Milan, Italy), according to the manufacturer's instructions, for subsequent RNA isolation. The PAXgene tubes were first stored at room temperature overnight and then at −20°C until RNA isolation.
Microarray Custom Design and Annotation
A custom whole-transcriptome 4 × 44K microarray (a glass slide formatted with 4 separate high-definition 44,000 arrays) was designed for this study. Briefly, we used the complete Ovis aries cDNA library (23,112 mRNA sequences; genome assembly Oar_V3.1) available from the Ensembl online repository (ftp://ftp.ensembl.org/pub/release-80/fasta/ovis_aries; accessed 22 Sept. 2014). In addition, a library of sheep's estimated sequence tag (EST) sequences (338,827 sequences) has been retrieved from the GenBank repositories (http:// www.ncbi.nlm.nih.gov/genbank/dbest/dbest_access; accessed 24 Sept. 2014), and the EST sequences have been locally aligned (using a Stand-alone BLAST [Basic Local Alignment Search Tool; version 2.2.29+, released on January 7, 2014] hosted on a local in-house Unix server) against themselves and against the Ensembl cDNA library to check for any nonoverlapping entries. We obtained 1,662 EST nonoverlapping sequences that were added to the mRNA library (23,112 sequences) FASTA file. The mRNA and the EST (total 24,774 sequences) were then uploaded to the eARRAY online portal hosted by Agilent Technologies for array design (http://earray.chem.agilent.com/earray; accessed 29 Sept. 2014), and 2 oligo probes (60 mer each) per sequence have been designed. Using the quality scores assigned for each probe by the Agilent Technologies' probe design algorithm (denoted as a base composition score, with a range from 1 [high quality] to 4 [low quality]), we excluded all probes with base composition scores of 2 and above. Moreover, all the probes showing a possible nonself-perfect match have been excluded as well. Finally, the designed platform contained 43,803 oligo probes (an average of 1.84 probes per sequence) of which 500 probes (50 probes repeated 10 times) were assigned as a biological probes control group and 1,417 probes were Agilent Technologies internal technical control probes (45,220 features in total). All arrays were printed using Sureprint technology (Agilent Technologies). This custom microarray platform was deposited in the Gene Expression Omnibus online repository (http://www.ncbi. nlm.nih.gov/geo; accessed 17 June 2015) under accession number GPL20576.
Ribonucleic Acid Isolation and Microarray Analysis
Total RNA was isolated in accordance with the protocol of the PAXgene blood RNA kit (PreAnalytics/ Qiagen, Milan, Italy). A deoxyribonuclease treatment was performed on the column for quality assurance before RNA was eluted from the filter and stored at −80°C until processed. Total RNA concentration was determined using the NanoDrop ND-1000 UVVis spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE), and its quality was measured by using the 2100 Bioanalyzer and RNA 6000 Nano kit (Agilent Technologies). All the 20 samples have passed the RNA quality criteria, that is, RNA concentration ≥ 40 ng/μL and RNA integrity number ≥ 8; hence, they were all considered for the subsequent microarray analysis.
Preparation of the labeled cDNA probes and subsequent microarray hybridizations were performed in accordance with the Agilent Technologies One-Color Microarray gene expression analysis guidelines as previously described (Elgendy et al., 2015) . Briefly, total RNA (100 ng) from each animal was individually labeled with Cyanine 3 (Cy3) using the Low RNA Input Linear Amplification Kit, One-Color (Agilent Technologies). A mixture of 10 Agilent Technologies' different viral polyadenylated RNA (Spike-In Mix) was added to each RNA sample before amplification and labeling. A purification step was applied to the labeled complementary RNA (cRNA) using the RNeasy Mini Kit (Qiagen SpA), and sample concentration and specific activity (Cy3 pmol/μg cRNA) were measured. Each . The extracted data were normalized and processed as previously described in Elgendy et al. (2015) . Briefly, the 20 samples have been normalized together in a single analysis to ensure a uniform normalization and to check for any possible interarray outliers. Data Normalization was performed by the statistical software R (http://www.r-project.org).
The intensities of the polyadenylated Spike-In control probes were used to identify the best normalization procedure. Quantile normalization using the "limma" package yielded the best results, and therefore, quantile-normalized data were used in all subsequent analyses. After normalization, all control features and Spike-In probes were filtered out. A further filtering step was performed by removing probes that reported missing values or no reactivity (probes with the Feature Extraction flag equal to 0) in at least 50% of samples. Numerical values corresponding to the missing microarray intensities were imputed by the MultiExperiment Viewer (http://www. tm4.org) application as described by Saeed et al. (2003) . The microarray data have been deposited in the Gene Expression Omnibus and are accessible through the accession number GSE69997.
Quantitative Real-Time PCR
Quantitative real-time PCR was performed to confirm the expression pattern of 7 genes. The PCR primer sequences used for the quantification of the genes encoding ankyrin repeat domain 10 (ANKRD10), selenoprotein W1 (SEPW1), septin 8 (SEPT8), adenylate cyclase 6 (ADCY6), G protein-coupled estrogen receptor 1 (GPER1), Sec61-α-1-subunit (SEC61A1), and SLX4 interacting protein (SLX4IP) are reported in Supplementary Table S1 (see the online version of the article at http://journalofanimalscience.org). Five genes (ADCY6, ANKRD10, GPER1, SEC61A1, and SLX4) were randomly selected from the ranked list of the differentially expressed (DE) genes according to their fold change (FC) and false discovery rate (FDR) values. The ADCY6 and ANKRD10 genes were selected from the upregulated DE genes, whereas GPER1, SEC61A1, and SLX4IP were selected from the downregulated ones. Genes with high FC and low FDR were favored in the selection. The other 2 genes (SEPW1 and SEPT8) were intentionally selected to check for any Se-induced molecular signature (in the form of induced selenoproteins). To ensure a uniform workflow, the RNA samples used for qPCR were the same used for the microarray analysis. Where possible, primers were designed across exon/intron boundaries to avoid genomic DNA amplification. To ensure the qPCR product specificity, consideration has been taken to design (de novo) all primers using the mRNA sequences of the corresponding transcripts in the list of the DE genes (each transcript has its unique identification number in the custom microarray platform). Additionally, an in silico analysis using Primer BLAST (http://www.ncbi. nlm.nih.gov/tools/primer-blast) was further performed to ensure the specificity of the possible amplified qPCR product. First-strand cDNA was synthesized from 0.7 μg of total RNA using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA) according to the manufacturer's protocol and stored at −20°C until further use. Quantitative real-time PCR (qPCR) was performed using Power SYBR Green I (Thermo Fisher Scientific Inc, Waltham, MA) and Roche universal probe library (Roche Diagnostics, Indianapolis, IN) assays as previously described (Elgendy et al., 2015) . Briefly, the qPCR reactions (10 μL final volume) consisted of 1X LightCycler 480 Probe Master (Roche Applied Science, Indianapolis, IN), 300 or 600 nM forward and reverse primers (Integrated DNA Technologies, TEMA ricerca, Bologna, Italy), 200 nM human universal probe library probe (final concentrations), and 2.5 μL of 50 ng/ μL cDNA. Assays were performed in duplicates (the same RNA samples were used) by the LightCycler 480 instrument (Roche Applied Science) using the standard PCR conditions (an activation step at 95°C for 10 min, 45 cycles at 95°C for 10 s and at 60°C for 30 s, and a cooling step at 40°C for 30 s). No template and no reversetranscription controls were used in each assay to ensure a specific and uncontaminated reaction. For each qPCR assay, 8 standard curves were generated using duplicate 3-fold serial dilutions of the control sheep cDNA pool. Data were analyzed with the LightCycler 480 software release 1.5.0 (Roche Applied Science) using either the second derivative or the fit point method. Messenger RNA relative quantification (RQ) was calculated by the ΔΔCt method (Livak and Schmittgen, 2001 ) and normalized using the average RQ values of 4 internal control (reference) genes (GAPDH, SDHA, YWHAZ, and G6PD). The internal control genes were selected after the study by Vorachek et al. (2013) on reference gene selection for qPCR studies in sheep neutrophils. The selected reference genes showed an unchanged expression pattern between the experimental groups (T40 versus T0) after a quality control qPCR step; hence, they were used for the data normalization. In general, although the qPCR assays in the present study were performed using a limited technical replication (duplicates rather than triplicates), the relatively large number of biological replicates (n = 10/ group) could overcome this limitation.
Functional Annotation and Gene Set Enrichment Analysis
The functional analysis of transcript lists of interest was performed by the analysis of the enrichment for specific Gene Ontology (GO) terms using the Database for Annotation, Visualization and Integrated Discovery (DAVID; Dennis et al., 2003; Huang et al., 2009 ) as implemented in the online platform (http://david.abcc.ncifcrf.gov; released 27 Jan. 2010). The annotated probes for the list of the DE genes were matched to their bovine (Bos taurus) orthologs using the Ensembl genome browser data-mining tool (BioMart; http://www.ensembl.org/biomart/martview). Analyses were performed using the default GO_FAT terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways included in the DAVID knowledge base and implementing a gene count of 5 and an Expression Analysis Systematic Explorer (EASE) score (a modified Fisher Exact P-value) of 0.05. The annotation clusters in the present study were selected using an enrichment score (ES) of 1.17 or more. Gene Set Enrichment Analysis (GSEA; http://www.broadinstitute.org/gsea/index.jsp; released Jan. 2007, and upgraded Mar. 2015) was also used to examine the significantly enriched pathways by comparing the normalized data of the entire gene transcripts from the T40 group with 880 curated canonical pathway gene sets in the GSEA Molecular Signatures Database (Subramanian et al., 2005) . All the annotated transcripts (33,413 features in total) with expression values were uploaded to the software and compared with catalog C2 (4,725 curated gene sets).
Statistical Analysis
Differentially expressed genes were identified using the 2-class paired feature in the Significance Analysis of Microarrays (SAM) software version 4.0 (Tusher et al., 2001) , enforcing an FDR ≤ 0.05 and an FC threshold ≥ 1.5. All other statistical tests (Spearman correlation analysis, 1-way ANOVA, and Student's t test) were performed by the GraphPad Prism 5 software (GraphPad Software Inc., San Diego, CA). In evaluating the effect of Se supplementation on WB Se concentration, data were analyzed by a repeated-measures ANOVA followed by Bonferroni's multiple comparison post hoc test. The RQ values of the qPCR-analyzed genes were expressed as FC, and the significance of gene expression between groups (T0 and T40) was determined using the Student's t test. Data are reported as means ± SD, and statistical significance was declared at P ≤ 0.05.
RESuLTS
The health status of all the experimental animals was satisfactory throughout the experiment. Ewes produced an average daily amount of 600 ± 95 mL of milk, and none of them showed any clinical signs of Se toxicity at any time during the study. The effect of high dietary Se supplementation on WB Se concentrations is shown in Fig. 1 . At d 0 (baseline), WB Se concentration was 112.5 ± 14.63 ng/mL. High dietary Se supplementation increased (all P < 0.0001) WB Se concentrations at d 30 to 283 ± 18.75 ng/mL, and the Se concentration remained stable at 35 (287.5 ± 21.32 ng/mL) and 40 d (287.5 ± 21.68 ng/mL). Therefore, after a stable WB Se concentration (from d 30 to d 40), the blood collected at T40 has been used to evaluate the effect of this supplementation on the transcriptome of sheep.
After screening more than 23,000 unique transcripts in the microarray platform, a total of 1,186 unique transcripts displayed significant differences in expression of 1.5-fold or more between the T40 and T0 samples (T40 versus T0). Of those transcripts, 942 and 244 were upand downregulated, respectively (Supplementary Table  S2 ; see the online version of the article at http://journalofanimalscience.org). Those identified transcripts were able to discriminate the 2 experimental groups, on a heat map scale, on a hierarchical clustering analysis (Fig. 2) . Although the genome of Ovis aries is relatively poorly annotated, the corresponding genes of all the DE transcripts in this study (some transcripts encoded the same gene) have been matched to their bovine (Bos taurus) orthologs, which resulted in retaining 772 and 192 genes out of the total 942 and 244 up-and downregulated transcripts, respectively (Supplementary Table S3 ; see the online version of the article at http://journalofanimalscience.org). Those filtered Bos taurus ortholog genes were used in the subsequent functional annotation analyses.
To cross-validate the microarray platform, the relative expression of 7 genes (ANKRD10, SEPW1, SEPT8, ADCY6, GPER1, SEC61A1, and SLX4IP) was analyzed by qPCR. Four genes (ANKRD10, SEPW1, SEPT8, and GPER1) revealed statistically significant differences between T40 and T0 (Table 2 ), whereas the other 3 genes (ADCY6, SEC61A1, and SLX4IP), although not statistically significant when compared with the T0 group, showed the same trend of expression (up-or downregulation) compared with their corresponding microarray FC values (Fig. 3) . The correlations between the microarray and the qPCR output are reported in Table 2 .
The functional GO terms with the highest P-values (all P ≤ 0.05) in the enrichment analysis, along with the involved genes in each term, are shown in Table 3 . The significantly enriched terms included genes involved in lipid binding (P = 0.0009), lymphocyte and leukocyte activation, positive regulation of T and lymphocyte cell differentiation, leukocyte and lymphocyte proliferation, and cytokine binding. In addition, some of the annotated genes were grouped in 3 signaling pathways (Table 3) : peroxisome proliferator-activated receptor (PPAR) and adipocytokine signaling pathways (for the genes expressed at greater levels at T40) and neuroactive ligand-receptor interaction pathways (for the genes expressed at lower levels at T40). Furthermore, the molecular function (MF) "nucleotide binding" and the biological process (bP) "transcription" were among the significant GO terms of the highest gene count with 67 and 27 upregulated genes, respectively (Table 3) . Cluster ES are geometric means of P-values for each GO term included in the cluster and expressed on a negative logarithmic scale. In the present study, the clustering analysis by DAVID uncovered 5 positively enriched clusters of functionally relevant genes in the T40 group with ES of 1.17 or more (Supplementary  Table S4 ; see the online version of the article at http:// journalofanimalscience.org). The first cluster had an ES of 2.48 and was represented mainly by the MF "lipid" and "phospholipid binding," whereas the second cluster (ES = 1.65) consisted of MF terms related to guanyl-nucleotide exchange factor activity, guanosine triphosphate hydrolase (GTPase) regulator activity, and Ras protein signal transduction. The third (ES = 1.5) and fourth clusters (ES = 1.4) were dominated by immune-system-related (lymphocyte and leukocyte activation, adaptive immune response, cytokine production, and positive regulation of T and B cell differentiation) BP terms. The least positively enriched cluster (ES = 1.17) represented membrane trafficking-related (cytoplasmic and membrane-bounded vesicle) cellular component terms.
To further consider the biological significance of our data, we used GSEA to identify pathways that correlate with higher dietary Se supplementation. Gene Set Enrichment Analysis is a computational method that identifies shared differential gene expression of predefined, functionally related gene sets representing biological pathways. This is quantified by using a different type of ES, a weighted Kolmogorov-Smirnovlike statistic that evaluates if the members of the pathway are randomly distributed or found at the extremes (top or bottom) of the list (Subramanian et al., 2005) . The GSEA analysis revealed that most of the core-enriched genes contributing to each individual gene set significantly enriched at T40 (positive ES) fell into an immunity related pathway, such as B and T cell receptor signaling pathways, adipocytokine signaling pathway, and Toll-like receptor signaling pathway (Fig. 4) . On the other hand, some other pathways, such as oxidative phosphorylation, steroid hormone biosynthesis, basal transcription factors, and selenoamino acid metabolism, were among the top pathways less enriched (negative ES) in the T0 group compared with the T40 one (data not shown). A full list of the rank ordered genes participating in the top positively enriched pathways are reported in Supplementary Table S5 (see the online version of the article at http://journalofanimalscience.org).
DISCuSSION
Microarray technology can simultaneously measure the differential expression of thousands of genes in a given tissue. The resulting information can be used to examine a certain condition from the perspective of the BP or MF involved (functional profiling) rather than from the expression levels of individual genes (Tarca et al., 2006) . The objective of this study was to examine the transcriptomic signature of a high dietary Se supplementation in sheep and to evaluate whether this signature reflects an induced immune system. The major finding from the present study was that a high dietary level of Se can modulate the expression of a large number of genes in sheep and leave a noticeable molecular signature that mainly reflects an immune-system activation and transcription-regulation patterns. It should be noted that the before-and-after approach used in the current study was fairly limited because of the absence of an independent control group, by which the effect of growth (temporal changes) on the transcriptomic land- scape (if any) could be examined. Still, all the analyses that have been performed in the present study, and hence the depicted results and conclusions, were based on the DE genes that have been expressed at a FC ≥ 1.5. Noticeable temporal transcriptomic changes (i.e., higher FC values) are unlikely to be seen in normal/ unstressed animals over such a short-term (40 d supplementation) study such as ours.
Appropriate dietary Se supplementation in sheep and goats varies from 0.1 to 0.3 mg Se/kg DM in the total diet (Ullery et al., 1978; Smith and Sherman, 2011) . Although blood concentrations of Se are usually derived from a corresponding dietary Se intake, blood Se levels Figure 2 . Cluster dendrogram of the differentially expressed (DE) genes at the last day of the acclimatization period (T0) and after 40 d of the organic Se supplementation (T40). A heat map was generated from the DE transcripts (≥1.5-fold with respect to controls) using the hierarchical clustering (Euclidean distance clustering algorithm) option in the GeneSpring software version 13.1 (http://genespring-support.com). In the heat map, red indicates an expression level higher than the mean across all subjects, and blue denotes expression level lower than the mean. less than 50 ng/mL are considered Se deficient whereas levels between 50 and 100 are marginal and levels greater than 100 are adequate (Koller and Exon, 1986) . Ewes in the present study were fed on a basal diet that contained an appropriate level of Se (0.13 mg Se/kg DM of the complete feed) that resulted in an adequate blood Se concentration (112.5 ng/mL) after 4 wk of acclimatization. Therefore, the Se status of those ewes at the first sampling time (T0) could be considered Se adequate or as Se nondeficient, and the blood Se concentration at T40 (287.5 ng/mL), and the subsequent results, would be interpreted as the added effect of high dietary Se supplementation in sheep. The fact that WB Se concentrations respond to supplemental Se in proportion to the magnitude of supplementation is more straightforward in subjects of deficient to low Se status (Xia et al., 2005) . However, for Se-nondeficient subjects, the relationship of Se intake and blood Se level depends mainly on the form of Se consumed (Combs, 2015) , where organic Se, represented by SeMet, is thought to increase blood Se in both the adequate and the high Se status (Broome et al., 2004; Burk et al., 2006; Combs et al., 2012) . The organic source of Se (selenium yeast) used in the present study consisted mainly of SeMet (63%), which partly explains the duplication in blood Se level seen after at 30 to 40 d of Se supplementation to a group of Se-nondeficient sheep.
The importance of Se is commonly ascribed to its wide array of biological roles in the immune system (McKenzie et al., 2002; Arthur et al., 2003) and the antioxidant machinery (Burk, 2002) , where dietary Se can modify the readout of the genetic code throughout the process of being transcriptionally incorporated into selenoproteins (Howard et al., 2013; Duntas and Benvenga, 2014) . In the present study, the microarray analysis identified 1,186 transcripts that exhibited changes in expression of 1.5-fold or more after a high dietary Se supplementation. This indicates that Se, even in short-term supplementation (40 d), has a traceable effect on the transcriptome of sheep that could be attributed to its capacity of being a transcriptional modulator. Although this effect appeared relatively moderate in terms of FC, with no transcripts being markedly over-or underexpressed, it is quite expected of nutritional studies not to result in large differences in gene expression (Blanchard et al., 2001; Afman and Muller, 2006; Pagmantidis et al., 2008) .
High levels of Se in the present study resulted in changes in expression of a small number of the selenoprotein-related genes, namely SEPW1, selenium binding protein 1 (SELENBP1), glutathione peroxidase 3 (GPX3), and SEPT8. Although GPX3 and SEPW1 are classified as nonessential selenoproteins (McCann and Ames, 2011), it was quite unexpected not to find any of the other classical (essential) selenoproteins, for example, GPX4, SEPP1, SEPS1, or TXNRD, among the affected genes. It was reported by Howard et al. (2013) that the "hierarchy" of differential selenoprotein expression in response to Se availability is likely accounted for by the diversity of health effects associated with dietary Se intake. In support, after a supranutritional Se supplementation, Hugejiletu et al. (2013) reported a significant increase in the expression of GPX4 and SEPS1 (anti-inflammatory selenoproteins) in foot rot-affected sheep, whereas the expression of SEPW1 and GPX1 (antioxidant selenoproteins) showed nonsignificant changes. In the former study, it could be understood that high dietary Se supplementation resulted in a selective induction of some of the anti-inflammatory selenoproteins, at the expense of other ones, that is, the antioxidant selenoproteins, as a result of the associated health condition (oxidative stress caused by foot rot). On the other hand, sheep in the present study were in normal physiological status with no induced or spontaneously occurring pathological stress, which we believe affects the sensitivity of gene expression levels of selenoproteins to the status of Se in the animal's body. Additionally, it is worth mentioning that the findings of the present study represent the difference between high and adequate Se supplementation rather than high and no Se supplementation, which might have had more impact on the number and type of regulated selenoproteins.
Selenium and the immune response have been always mentioned together, and Se deficiency is known to contribute to a higher prevalence and severity of diseases present in animal populations (reviewed in Arthur et al., 2003) . Supranutritional Se induced both the innate and 1 FC = fold change. For the qPCR, the mRNA relative quantification (RQ) was calculated by the ΔΔCt method, and normalized using the average of the RQ values of 4 internal control (reference) genes (GAPDH, SDHA, YWHAZ, and G6PD). For the microarray, the FC was calculated using the paired t test in the Significance Analysis of Microarrays software version 4.0 (Tusher et al., 2001) , comparing 40 d of the organic Se supplementation versus the last day of the acclimatization period (control) values.
2 Correlations were calculated using the RQ values of the genes analyzed by qPCR and their corresponding microarray intensities (normalized raw data).
3 Genes that were significantly (P ≤ 0.05) regulated between groups (last day of the acclimatization period and 40 d of the organic Se supplementation) by qPCR analysis.
humoral immune functions in foot rot-affected sheep (Hall et al., 2011 Hugejiletu et al., 2013) and Sereplete dairy cows (Hall et al., 2014b) . Furthermore, Se supplementation improved the growth rate, antioxidant status, and humoral immune response in lambs (Kumar et al., 2009) . In agreement, the functional analysis in the present study revealed that most of the significantly regulated genes were mainly involved in multiple immune system-related BP. Several genes involved in the lymphocyte and leukocyte activation were significantly upregulated, and this still supports the fact of Se being an immunostimulant agent (Arthur et al., 2003) . One of those genes was the PRKCD gene, which is one of the protein kinase C (PKC) family that is believed to has a crucial and diverse role in multiple signaling pathways used by adaptive and innate immune cells (Altman and Kong, 2014) , and the cyclin D3 (CCND3), which is one of the D-type cyclins fundamental for immature T lymphocytes normal expansion (Sicinska et al., 2003) . Moreover, the forkhead box P3 (FOXP3) gene, which is also upregulated in our data set, is one of the potential targets of dietary Se supplementation (Schomburg, 2012; Duntas and Benvenga, 2014) .
Selenium is known to elicit its antioxidative action through selenoamino acid incorporation into selenoproteins, which, in turn, influences the lipid metabolism in both physiologic and stress conditions (Holben and Smith, 1999; Kohrl et al., 2000) . Our functional analysis using DAVID revealed that the MF "lipid binding" was the most significantly affected GO term at T40, with a count of 18 upregulated genes. Of those genes, protein kinase C, delta (PRKCD), apolipoprotein A-V (APOA5), and fatty acid binding protein 6 (FABP6) were upregulated by 1.95-, 1.5-, and 2.05-fold, respectively. The PRKCD gene is considered one of the oxidative stress-responsive genes (Nitti et al., 2008; Vázquez et al., 2011) , whereas the APOA5 and FABP genes are among those genes that modify the association of Se and lipid levels (Mutakin et al., 2013; Galan-Chilet et al., 2015) . Additionally, some of the lipid-trafficking-endosomal-sorting-nexin (SNx) genes (Cullen, 2008) such as SNX20, SNX27, and SNX5 were also upregulated. It is also worth mentioning that the BP "fatty acid metabolic process" and the MF "phospholipid binding" were among the significantly enriched GO terms in our data set. These findings partly confirm, on the transcriptomic level, the association between Se and lipid metabolic processes.
Pathway analysis has been reported to be critical for identification of expression pattern changes after nutritional interventions (Hesketh, 2008) . The DAVID analysis showed that the PPAR and adipocytokine signaling pathways were the most represented KEGG pathways in the set of the upregulated genes at T40. Likewise, the Se-induced PPAR activation as a part of the peroxisomes role in oxidative stress has been discussed in human ( Table 3 . Functional annotation of the differentially expressed genes (false discovery rate ≤ 0.05) in the 40 d of the organic Se supplementation samples compared with the last day of the acclimatization period (control) ones. Functional annotation was performed using the default settings in the Database for Annotation, Visualization and Integrated Discovery (DAVID; Dennis et al., 2003; Huang et al., 2009) , an Expression Analysis Systematic Explorer (EASE) score (a modified Fisher Exact P-value) of 0.05 and Gene Ontology (GO) term categories. Counts represent the number of genes from the list associated with a given GO term. Genes that were upregulated are indicated by "+" and those downregulated are indicated by "-" KDR, DHCR7, MYD88, CDH5, FGFR4, ALOX12, ALOX15, FOXP3, CD40, DPT, GRN, DNMT1, GHRL, HLX, CTNNA1, IFI30, NOS2 , and EPO KDR, ADRB3, LAPTM5, CDH5, NECAP1, PCDH19, GNB1, CALB2, RAB11B, FLOT2, PNPLA2, ADRA1A, TMPRSS11F, CISH, LIPE, AQP3, ITPR3, KCNA1, CD40, KCNMA1, TLR4, ALOX12, ALPL, TF, ARCN1, LAX1, CXCR4, PIGR, LAMP1, CCR9, SLC30A3, ENSOART00000022569, CTNNA1, IL2RG, DGKD, AP3D1, ENSOART00000021229, SNX20, SYN1, HRH1, LPAR5, CXCR6, ITGA5, FAS, MALL, RAB19, MS4A1, VNN1, TNS1, JUP, GJA3 
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Se has been also shown to be linked to adipocytokine regulation in humans (Kim and Song, 2014) . The functional annotation tool DAVID works via testing a set of a priori selected, significantly DE genes, for overrepresentation in annotated gene sets such as GO or KEGG, using standard statistical tests for enrichment (Huang et al., 2009) . However, this approach does not account either for genes with small changes in expression that might be biologically relevant (Mootha et al., 2003) or for the multivariate nature of the expression changes (Glazko and Emmert-Streib, 2009; Emmert-Streib and Glazko, 2011) . As genes do not work in isolation (Pagmantidis et al., 2008) , GSEA could be considered as an alternative technique that considers the differential expression of gene sets and not just priori selected genes; instead, it treats a gene set as a unit of expression (Ackermann and Strimmer, 2009; Dinu et al., 2009; Rahmatallah et al., 2015) . Because we had small changes in expression (in terms of FC), we assumed that using the microarray intensities of all the probes instead of only a selected range of genes (represented by symbols or accession numbers) would give GSEA an advantage over DAVID in better describing the biological significance of the obtained data and also to check whether both analyses would have a convergence. The top signaling pathways (B and T cells, adipocytokines, and Toll-like receptor-signaling pathways) identified by GSEA partly confirm the complex effect of Se supplementation on the immune system, which mainly reflects an induced adaptive rather than innate immunity trend and, furthermore, shows a partial convergence (in terms of results) between both methods. In the present study, the relatively high number of upregulated genes involved in "nucleotide-binding" and "transcription" GO terms suggests a Se-induced transcription-modulation effect. For Se to induce its effects, it needs to be specifically incorporated into selenoproteins as selenocysteine (SeCys) residues, which requires translational recoding (Heider et al., 1992; Howard et al., 2013) . However, the predominant form of Se in the supplemental source (Sel-Plex) used in the present study is SeMet and not SeCys, which logically raises the question "what was the possible source (if any) of SeCys?" First, Se is known to be retained largely by tissues in pro- tein-bound forms, SeCys being specifically incorporated into selenoproteins and SeMet being nonspecifically incorporated into all proteins (reviewed in Combs, 2015) . Moreover, SeMet enters the methionine pool and a variable proportion goes where methionine rather than Se is required, but partial conversion to SeCys via a lyase and adenosylmethionine is possible (NRC, 2005) . Also, some transfer of Se from SeMet to SeCys has been suggested to occur when SeMet enters the Se-transport (selenoprotein P [SEPP]) pool to be incorporated into functional proteins such as GPX (Suttle, 2010) . A hypothesis could be that higher dietary levels of SeMet used in the present study resulted in high levels of Se to be recycled and made available for incorporation into SeCys. Because in our DE genes list we did not recognize a SeCys-specific gene regulation pattern, that is, no DE of SEPP, GPX1, GPX4, or thioredoxin reductase genes, this hypothesis could not be fully supported. As selenoproteins and their downstream targets are the functional outcome of dietary Se intake (Hesketh, 2008) , the fact that the sheep in the present study were Se nondeficient could support a less Se-induced effect in terms of regulated selenoproteins.
In conclusion, the present study has shown that it is feasible to use microarrays, combined with BP and signaling pathway identification, to identify differential gene expression patterns in sheep supplemented with Se. The findings suggest that in sheep, high dietary Se supplementation leads to change of expression of several genes involved in the immune-system machineries (both adaptive and innate), and provide further insights on the transcriptional-modulation capacity of Se. In addition, this study provides a custom-designed wholetranscriptome microarray platform which can be used in future studies on the ovine species. Figure 4 . Gene Set Enrichment Analysis (GSEA; http://www.broadinstitute.org/gsea/index.jsp) enrichment plot (score curves). Gene Set Enrichment Analysis was performed with the canonical pathway gene sets in GSEA Molecular Signatures Database (880 sets; Subramanian et al., 2005) . The "signal-tonoise" ratio (SNR) statistic was used to rank the genes according to their correlation with either the 40 d of the organic Se supplementation (T40) phenotype (red) or the last day of the acclimatization period (T0; control) phenotype (blue). The heat map on the right side of each panel visualizes the ranked, ordered, nonredundant list of genes contributing to the enriched pathway (for the detailed list, see Supplementary Table S5 ; see the online version of the article at http://journalofanimalscience.org). On each panel, the vertical black lines indicate the position of each of the genes of the studied gene set in the ordered, nonredundant data set (Supplementary Table S5 ; see the online version of the article at http://journalofanimalscience.org). The green curve corresponds to the enrichment score (ES) curve, which is the running sum of the weighted enrichment score obtained from GSEA software. A, B, C, and D denote the most enriched (significant) pathways (i.e., gene sets): B cell receptor signaling, T cell receptor signaling, adipocytokine signaling, and Toll-like receptor signaling pathway, respectively. KEGG = Kyoto Encyclopedia of Genes and Genomes; P = P-value.
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